The asymmetric epoxidation of various fluoroolefins has been studied using chiral ketone catalyst, and up to 93% ee was achieved with fructose-derived ketone 1.
corresponding bromide 17 (Scheme 3). (1-Fluoro-2-methylprop-1-enyl)benzene (10) was synthesized in three steps from diethylphosphite via the fluorination of diethyl-α-hydroxybenzylphosphonate with DAST (Scheme 4). 18 The epoxidation of fluoroolefins 4-11 were carried out with 28-30 mol% ketones 1, 2, and 3a (R = p-EtPh) in MeCN:DMM (2:1 v/v) at 0 °C for 8 h (Table 1 ). Good to high ee's (74-93%) were obtained for the epoxidation of olefins 4 and 5 with ketones 1 and 2 ( Table 1 , entries 1-2, 4-5). Modest ee (41%) was obtained for the epoxidation of olefin 5 with ketone 3a (Table  1 , entry 6) and the configuration of the resulting epoxide is opposite to that of epoxides resulting from ketones 1 and 2. The epoxidation of olefins 6-9 generally gave good to high ee's (65-91%) with ketones 1 and 2 (Table 1, entries 7-8, 10-11, 13-14, 16-17) . However, the ee's obtained for these olefins with ketone 3a are generally low (6-56% ee) (Table 1 , entries 12, 15, 18) except in the case of olefin 6 (85% ee) ( Table 1 , entry 9). The ee's for the epoxidation of (1-fluoro-2-methylprop-1-enyl)benzene (10) and α-fluorostyrene (11) are generally modest (27-62% ee) as these are not effective substrates for the ketones tested (Table 1 , entries 19-24). 19 In order to determine the absolute configuration of the fluorinated epoxides, the epoxides obtained from olefins 8 and 9 with ketone 2 (Table 1, entries 14 and 17) were treated with anhydrous TsOH-MeOH at rt for 2 h, giving (−)-(S)-6-methoxydecan-5-one (12) in both cases (Scheme 5). 20 The absolute configuration of 6-methoxydecan-5-one was determined by comparing the absolute configuration of the methoxyketone synthesized from the epoxide (13) with known configuration (Scheme 6). 2c When the deuterated (E)-5-fluorodec-5-ene oxide (14) was treated with anhydrous TsOH-MeOH at rt for 2 h, deuterated 6-methoxydecan-5-one (15) was obtained, suggesting that MeOH attacks on the non-fluorinated carbon to form the corresponding ketone (Scheme 7). The absolute configuration determined by the above reaction sequence confirmed the absolute configuration obtained with the VCD data from BioTools (Table 1 , entry 17).
When the epoxide obtained from olefins 8 and 9 were treated with acetic acid in THF-H 2 O at 60 °C for 20 h, (S)-6-hydroxydecan-5-one (16) was obtained with only a slight loss of ee (Scheme 8). 21 When deuterated epoxide 17 was subjected to the same conditions (acetic acid in THF-H 2 O at 60 °C for 20 h), (S)-deuterated-6-hydroxydecan-5-one (18) was obtained in 89% ee, which further supports that nucleophilic attack occurs on the non-fluorinated carbon (Scheme 9).
High enantioselectivities were obtained for Z-olefins 4 and 6 with ketones 1 and 2 ( Table 1 , entries 1-2, 7-8), suggesting that spiro F is favored over spiro G due to steric interaction between the phenyl ring on the olefin and the spiro ketal group of the catalyst ( Figure 4 ). Lower ee's obtained for E-olefins 5 and 7 with ketone 1 as compared to that of olefins 4 and 6 (Table 1, entry 4 vs 1 and 10 vs 7) indicates that fluorine is not as effective in disfavoring spiro I as phenyl group in disfavoring spiro G (Figure 4 and Figure 5 , R = CMe 2 ). Higher ee's obtained for the epoxidation of olefins 5 and 7 with ketone 2 compared to that of ketone 1 ( Table 1 , entry 5 vs 4 and 11 vs 10) could be due to additional beneficial interactions between the F and/ or Ph group of the olefin and the acetate group of the catalyst in transition state spiro H (R = Ac), thus increasing the ee's ( Figure 5 ). 3b
Higher ee's obtained for the epoxidation of olefin 9 than that of olefin 8 with ketones 1 and 2 suggests that the fluorine atom may be more effective in disfavoring spiro M than the n-butyl group is in disfavoring spiro K (Figure 6 ). High ee (91%) obtained for olefin 9 with ketone 2 again suggests that there may be beneficial interactions between the fluorine of the olefin and the OAc group of the catalyst in transition state spiro L (R = Ac) as in the case of spiro H (Figure 5 ), thus increasing the ee.
Lower ee obtained for the epoxidation of olefin 8 with ketone 1 (Table 1, entry 13 ) as compared to its non-fluorinated counterpart (77% ee for 8 vs 91% ee (E)-dec-5-ene with ketone 1 2c ) could be due to the fact that the lone pair of the fluorine substituent raises the π* orbital of the olefin causing the weakening of the secondary orbital interaction between the π* orbital of the olefin and the non-bonding orbital of the dioxirane in spiro J, thus leading to more competition from planar C-like transition state and decreasing the ee.
The fluorine atom did not show a beneficial effect on the epoxidation with ketone 3a. In fact, in most cases, lower ee's were obtained for fluorinated olefins than non-fluorinated olefins (Table 1) . 4 For example, only 41% and 32% ee were obtained, respectively, for olefins 5 and 11 with ketone 3a (Table 1 , entries 6 and 24). Compared to spiro D (Figure 3 ), spiro N ( Figure  7) is disfavored by the fluorine possibly via steric 22 and/or electronic repulsion.
In conclusion, a series of fluoroolefins were epoxidized with ketones 1-3a, and up to 93% ee was obtained. In some cases, the fluorine can act as an effective directing group via its steric and/or electronic interactions with ketone catalysts. In other cases, however, the fluorine is detrimental to the enantioselectivity for the epoxidation. These results provide us better understanding of the effect of the olefin substituent on the chiral ketone-catalyzed epoxidation.
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